Polycomb group (PcG) genes maintain cell identities during development in insects and mammals and their products are required in many developmental pathways. These include limb morphogenesis in Drosophila melanogaster, since PcG genes interact with identity and pattern specifying genes in imaginal discs and clones of polyhomeotic (ph) null cells induce abnormal limb patterning. Such clones are associated with ectopic expression of engrailed, hedgehog, patched, cubitus interruptus and decapentaplegic, in a compartment speci®c manner. Our results also reveal negative engrailed regulation by ph in both disc compartments: ph silences engrailed in anterior cells and maintains the level of engrailed expression in posterior ones. We suggest that PcG targets are not exclusively regulated by an on/off mechanism, but that the PcG also exerts negative transcriptional control on active genes. q
Introduction
Polycomb group (PcG) genes code negative trans-regulators which are essential for maintenance of cellular identity speci®cation in insects and mammals, since these proteins maintain the expression domains of the HOM and Hox genes by repressing them in the cells where their transcription has not been initiated (reviewed by Orlando and Paro 1995; Simon 1995; Hagstrom and Schedl, 1997; Schumacher and Magnuson, 1997; Pirrotta, 1998) . The Drosophila melanogaster PcG comprises to date more than a dozen members which have been grouped together according to genetic and molecular characteristics. Loss of function PcG mutations induce homeotic transformations which are similar to those caused by gain of function (g.o.f.) mutations in the Antennapedia and Bithorax complexes (ANT-C and BX-C) and which are due to ectopic expression of these latter genes. Phenotypes of ANT-C and BX-C g.o.f. mutations are enhanced in trans by PcG mutations and diminished by additional copies of a PcG gene. PcG proteins associate in large multimeric complexes and bind to the polytene chromosomes of the larval salivary glands. Their DNA target sequences, the Polycomb response elements (PREs), are often located adjacent to sites that bind positive trans-regulatory proteins coded by genes forming the trithorax group (trxG) (Chang et al., 1995; Strutt et al., 1997 ; see reviews by Orlando and Paro, 1995; Simon, 1995; Hagstrom and Schedl, 1997; Pirrotta, 1998) . Many selector genes are thus conjointly regulated by the trxG and PcG genes.
D. melanogaster PcG proteins have up to a hundred discrete chromosomal binding sites, many of which are common to several PcG products (Sinclair et al., 1998) . Genetic data also point to the existence of numerous PcG targets, since mutations of individual genes in the group can affect embryonic segmentation and neurogenesis (Smouse et al., 1988; Moazed and O'Farrell, 1992) , chromosome structure (Phillips and Shearn, 1990) , proximo-distal limb identity speci®cation and germ cell proliferation (Santamaria and Randsholt, 1995; Yamamoto et al., 1997) . Many of these processes are only affected by the strongest mutants, or in PcG double mutants. The target genes involved are not all known, although engrailed has been identi®ed as a PcG target in embryos and imaginal discs (Busturia and Morata, 1988; Moazed and O'Farrell, 1992) . To characterize further regulatory processes requiring the PcG during imaginal development, we looked for interactions between PcG genes and wing patterning genes and examined the expression of such genes in clones of amorphic polyhomeotic cells. ph was chosen because ph null cells apparently affect limb patterning (Santamaria et al., 1989) , and because ph and engrailed (en) interact to maintain the antero/posterior (A/P) boundary in the developing wing (Maschat et al., 1998) .
During wing morphogenesis, posterior-speci®c expression of the en gene initiates establishment of the A/P compartment boundary, through activation of hedgehog (hh) by En (Tabata et al., 1992) . Secreted Hh protein triggers the hedgehog pathway, which leads to strong expression of the transmembrane protein Patched (Ptc) and to induction of decapentaplegic (dpp) in anterior cells along the compartment boundary, under control of the anterior compartment speci®c transcription factor Cubitus interruptus (Ci) (Basler and Struhl, 1994; Tabata and Kornberg, 1994; Guillen et al., 1995; Schwartz et al., 1995; Zecca et al., 1995; Dominguez et al., 1996; Hepker et al., 1997) . ci is highly expressed in anterior cells and gives rise to an activator and a repressor form of Ci (Aza-blanc et al., 1997) . Their balance is different in cells abutting the A/P boundary compared to cells elsewhere in the anterior compartment, and stabilization of the activator form of Ci, responsible for dpp activation, depends on Hedgehog signaling (Me Âthot and Basler, 1999) . The TFGb-like Dpp protein acts as a morphogen which organizes the limb structure (Lecuit et al., 1996; Nellen et al., 1996) . Posterior compartment cells also express the en-related gene invected (inv) and Inv confers posterior cell identity conjointly with En (Guillen et al., 1995; Tabata et al., 1995) .
Here, we recall that induction of ph null clones in larvae leads to appendage pattern defects resembling those caused by ectopic expression of the hedgehog pathway, and we show that phenotypes of several g.o.f. mutations in limb patterning genes depend on ph but also on PcG dosage. ph null cells induced during larval development do not die, but sort-out from the disc layer. Such clones induce misexpression of en and all the genes of the hedgehog signaling pathway (hh, ptc, ci and dpp), showing that these genes depend on ph in both compartments. Together these data indicate that ph, and likely other PcG genes, play an important role in maintaining gene expression patterns required for limb morphogenesis. Furthermore, since ph null clones exhibit stronger en expression in the posterior compartment, our data also suggest that Ph exerts negative control of en in both compartments, indicating that ph can regulate the expression level of an active gene.
Results

Expression of engrailed and of hedgehog pathway genes is affected by ph null clones
The PcG gene polyhomeotic is expressed in all imaginal disc territories (De Camillis and Brock, 1994) . Previous data suggested that ph was required for limb patterning in Drosophila (Santamaria et al., 1989) . Adults that are heterozygous for ph null (ph o ) mutations and that have been are irradiated as larvae, only show small ph null clones, no larger than 16 cells, that are not homeotically transformed (Santamaria et al., 1989) . Irradiation of such animals performed during late second or early third larval instars (L2 or L3) causes the appearance of small vesicles of tissue trapped inside the body cavity and easily visualized in the wing (Fig. 1B,C) . Animals irradiated earlier during larval development can show pattern abnormalities of all their appendages (Fig.  1E,F ) that are particularly striking in the anterior wing compartment. Wing phenotypes range from slight margin or vein deformations to blisters and symmetrical mirror duplications of anterior compartment elements ( Fig. 1D,E ; Santamaria et al., 1989) .
One copy of /1 irradiated ies never exhibited limb pattern defects (data not shown), indicating that these are indeed induced by the ph null clones. To understand the origin of these abnormalities, we examined the expression patterns of a series of lacZ reporters in discs where ph null clones had been induced. We essentially concentrated on the wing. The anteriorspeci®c pattern disruptions in irradiated ph o /1 animals mimic exactly those caused by ectopic expression of either engrailed, hedgehog or decapentaplegic (Basler and Struhl, 1994; Zecca et al., 1995) that control A/P identity speci®cation and limb morphogenesis. These developmental processes depend on interactions between posterior cells, which express en, the en-related gene invected and hh, and anterior cells which respond to the Hedgehog signal by activating dpp through Ci in a stripe of cells at the A/P compartment border.
First, starting with en-lacZ, we rapidly detected (three to four cell divisions after irradiation), ectopic en-lacZ expression in the shape of a spotted pattern in anterior disc compartments. Larger spherical anterior en-lacZ expressing domains were seen in late L3 discs that had been irradiated during L1 (Fig. 2A) . The shape of these ectopic en-lacZ domains suggests that they correspond to cells that are minimizing their contact surface with the rest of the disc. When ph null cells were induced in a hh-lacZ background, ectopic hh-lacZ expression was detected with the same time-lag and in a similar pattern in the anterior compartment (Fig. 2B) . A ptc-lacZ reporter, whose peak expression is normally restricted to anterior cells along the compartment boundary, revealed ectopic ptc-lacZ expression in irradiated ph o /1 discs in both compartments (Fig. 2C) . A similar experience performed in a ci-lacZ background detected ectopic ci-lacZ expression in the posterior compartment (Fig. 2D) , despite the presence of Engrailed in these cells. Activation of dpp along the A/P boundary is the normal result of hh signaling, so we monitored dpp expression with a dpp-lacZ reporter. Ectopic dpp-lacZ expression was consistently seen in the anterior wing compartment of irradiated ph o /1;dpp-lacZ/ 1 discs (Fig. 2E) . On the other hand, dpp-lacZ expression was never detected in the posterior compartment (data from 50 wing discs with an average of two clones per anterior compartment). This anterior-speci®c induction of dpp-lacZ made dpp a likely candidate for causing the anterior appendage defects of irradiated ph o /1 animals. From these data, we conclude that loss of ph product leads to misregulation of hh pathway genes in both compartments.
PcG gene mutations affect antero-posterior patterning genes in the imaginal discs
To determine whether other PcG genes are also required for regulation of A/P patterning and morphogenesis in discs, we tested gain of function mutation phenotypes of several wing patterning genes for dependence on PcG gene dosage in trans-heterozygous mutant¯ies. This precluded studies involving engrailed since no g.o.f. en mutation causing anterior en expression is known. Such a mutation is however available for invected, whose product is required together with En in posterior wing disc cells for maintenance of the posterior fate (Guillen et al., 1995; Tabata et al., 1995) . The inv D chromosome drives inv expression in anterior cells (Simmonds and Bell, 1998) . inv D induces partial transformation of the anterior wing compartment towards a posterior identity: veins 1 and 2 are patterned as 4 and 5, and anteriorspeci®c triple row bristles almost disappear ( Fig. 3A ; Simmonds and Bell, 1998) . We found that inv D is not only enhanced by hypomorphic ph mutations (Simmonds and Bell, 1998) , but depends on dosage of several PcG genes since Psc and Pc mutations both enhance it (Fig. 3B,C) .
D¯i es partially rescues transformation of the anterior compartment ( Fig. 3D ). Together these data indicate that regulation of the en-related gene invected depends on the PcG.
Although¯ies with haplo-insuf®cient PcG mutations do not show abnormal A/P limb patterning, such mutations nevertheless strongly enhance the Moonrat (hh Mrt ) mutation. Mrt exhibits ectopic hh expression in anterior compartments of imaginal primordia, along with abnormal patterning of the anterior wing compartment in hh Mrt /1¯ies and of all adult limbs in hh Mrt homozygotes (Felsenfeld and Kennison, 1995; Fig. 3E (Table 1 ; Fig. 3H,I ). Thus the PcG, in cooperation with ph, seems also to be required for negative regulation of hedgehog in the anterior compartment.
The interruption of vein 4 in PcG and inv D transheterozygous adults (Fig. 3B,C) resembles the g.o.f. phenotype of cubitus interruptus, which is normally expressed in anterior wing disc cells. Furthermore, trans-heterozygous en and ph mutants show a similar phenotype that is caused in part by ci misexpression in the wing discs during L3 (Maschat et al., 1998) . We examined wings of ci W /1 individuals in different PcG mutant background. We found that ph 410 ( Fig. 3K ) and Psc 1 (data not shown) both enhanced the ci W /1 phenotype ( Fig. 3J) , whereas an extra copy of the ph locus in males carrying a duplication of the tip of the X chromosome on the Y chromosome [Dp(1:Y/)w 1 ] totally suppressed ci W (not shown), suggesting again a role for ph and the PcG genes in ci regulation.
From these interaction studies we conclude that maintenance of A/P cellular identities in the developing appendages requires not only ph, but also several PcG products.
ph deregulates Hh in the anterior compartment independently of engrailed
We wondered whether anterior activation of hh was a consequence of anterior engrailed activation or re¯ected an independent effect of loss of ph on the hh gene. The latter situation would agree with the fact that hh is upregulated in a trans-heterozygous mutant context for both ph and en (Maschat et al., 1998) . To address this issue, we compared b -Galactosidase expression and hedgehog transcription in imaginal discs from male en-lacZ/1;hh Mrt /1 larvae that were respectively ph 409 or ph
1
. Results are shown on Fig.  4 . In none of these contexts did we detect ectopic anterior compartment expression of engrailed. On the other hand, compared to the normal hh transcription pattern (Fig. 4A,B) , hh Mrt is associated with ectopic anterior hh transcription around the dorso-ventral compartment border and in the ventral wing pouch (Felsenfeld and Kennison, 1995; Fig. 4C) . In ph 409 larvae, ectopic anterior hh expression was increased and detected in all the wing pouch (Fig. 4D) . Comparable anterior ectopic hh transcription patterns were observed in larvae that did not carry en-lacZ (not shown). In the same genetic contexts, expression of an anti-Ci antibody speci®c for the long, potentially dpp activating form of Ci (Aza-blanc et al., 1997; Me Âthot and Basler, 1999) was also weakly enhanced in the wing pouch of hh Mrt /1 and ph 409 / Y;hh Mrt /1 larvae (data not shown). Since Hh activates and stabilizes Ci whereas En is a ci repressor, these data collectively suggest that anterior deregulation of hh in a ph mutant background can be independent of engrailed. Mrt male progeny were scored for pattern abnormalities. 2, no effect; 1, weak enhancement; 11, strong enhancement; 111, very strong enhancement. 2.4. Anterior compartment polyhomeotic null clones sortout and induce non-autonomous activation of decapentaplegic Double-immunostaining of irradiated discs from different genetic backgrounds allowed to determine precisely which genes were deregulated by the absence of functional Ph. We ®rst followed ph o cells by Myc expression after irradiation of ph o /Myc larvae (Fig. 5) . Staining of discs from ph o /Myc; en-lacZ/1 larvae showed that the anterior ph null cells form bubble-like shapes that are in a different plane than the rest of the disc (Fig. 5A ). This shows that the ph o cells are sorting-out from the disc surface and explains the origin of the vesicles of tissue trapped between the wing surfaces or in the body cavities of irradiated ph o /1 adults (Fig. 1) . Furthermore, all cells that did not express Myc in the anterior compartment, and thus were ph null, expressed bGalactosidase, hence ectopic En (Fig. 5A) . Similar results were obtained by staining discs from ph o /ph lac12 larvae with antibodies against En and b-Galactosidase (not shown). This shows that ph negatively regulates engrailed in the anterior compartment and that the induction of En is cell autonomous in all anterior compartment ph null clones. Ectopic engrailed expression allows thus to identify the ph null cells in the anterior compartment.
Similar results were obtained when clones were induced in a hh-lacZ (data not shown) or ptc-lacZ background (Fig.  5B) , showing that both hh and ptc are autonomously induced in anterior compartment ph null cells. In discs from ph o /1 larvae stained with anti-En and anti-Ci antibodies, ci expression was present in some but absent in other anterior compartment ph clones (compare Fig. 5C,D) . The presence of En in ph o cells (Fig. 5A ) might secondary lead to repression of ci when suf®cient En has accumulated (Eaton and Kornberg, 1990) .
Finally, in discs from ph o /1;dpp-lacZ/1 larvae, we found that all the ph null clones in the anterior compartment were associated with non-autonomous dpp-lacZ expression in the surrounding cells (Fig. 5E) . Furthermore, similar to what we observed for ci, ectopic dpp-lacZ expression was detected in some of the anterior ph null clones. These results suggest that the effect of ph on dpp expression is indirect, and that the relative levels of En and Hh within the clones are likely responsible for the expression or non-expression of dpp. Indeed, En is a strong repressor of dpp (Sanicola et al., 1995) , whereas Hh stabilizes the activator form of Ci, which promotes dpp expression (Me Âthot and Basler, 1999) .
To conclude, loss of ph in the anterior compartment leads to sorting-out of the ph null cells and to misregulation of en and hh. This changes the identity of the cells towards one that is not quite posterior either since they strongly express ptc, and sometimes even ci and dpp.
2.5. Regulation of ci, ptc and en by ph in the posterior wing compartment Discs from irradiated ph o /ph lac12 larvae stained with antibodies against Ci and b-Galactosidase exhibited cell autonomous expression of Ci in all posterior ph null cells, recognized by the fact that they do not express b-Galactosidase (Fig. 6A) . Fig. 6A further shows that ph null cells also sort-out in the posterior compartment. Similarly, posterior ph null clones were found to be associated with ectopic ptc expression. Irradiated discs from ph o /ph lac12 larvae labeled with Ptc and b-Galactosidase antibodies exhibited Ptc in all the ph null cells (Fig. 6B) . Ectopic expression of either ci or ptc allows thus to identify the posterior ph null clones.
Discs from ph o /1 larvae stained with antibodies against En and Ci suggested that loss of ph (detected in this case by ectopic Ci expression) could have an effect on engrailed expression in posterior clones (Fig. 6C) . Indeed, the posterior ci-expressing cells apparently express en (in red) at a higher level than the surrounding wild-type cells. Note that in Fig. 6C , because the clonal cells sort-out, they are not on the same focal plan as surrounding cells.
Enhanced En expression was also revealed in clones induced in ph o /1 larvae and labeled with antibodies directed against Ptc and En. Fig. 6D shows such a clone on the border of the wing disc, analyzed by confocal microscopy. The focal plane in this case allowed to detect engrailed expression both within and outside the clone. This picture con®rms that en expression in posterior cells adjacent to the clone is weaker than in the Ptc-expressing cells forming the clone.
It is noteworthy that discs from irradiated ph o /1;dpplacZ/1 larvae labeled with anti-b-Galactosidase antibody never showed dpp-lacZ expression in the posterior compartment. Indeed, pattern defaults of irradiated ph o /1¯ies occur anteriorly, which is in agreement with the presence of ectopic dpp expression associated only with anterior ph o clones (Santamaria et al., 1989; .
Together these analyses reveal that posterior ph o clones also sort-out. Loss of ph in posterior cells induces misregulation of ci and ptc that are anterior speci®c genes, suggesting that ph is involved in maintenance of posterior cell identity. Several sets of data indicate that engrailed expression is affected by loss of ph in both compartments, suggesting that ph participates in the repression of engrailed in the anterior compartment, but also in the maintenance of a certain level of engrailed expression in posterior cells.
Discussion
In this work, we have used a genetic approach and a clonal analysis to elucidate the role of PcG genes, in particular ph, in identity speci®cation and patterning of the developing imaginal discs of Drosophila. We found genetically that hh, ci and the en-related gene inv depend on PcG regulation. Analysis of ph null clones in imaginal discs showed that maintenance of the expression patterns of hh pathway genes requires ph regulation. Interestingly, loss of Ph has a different effect in either compartment. en, hh and ptc are ectopically expressed in all anterior clones, whereas ci and ptc are ectopically expressed in all posterior ph null cells. dpp is only ectopically expressed in association with anterior clones (not with posterior ones). Within anterior clones ci and dpp are either expressed or not. These different cell states could re¯ect different levels of En in the clones.
Identities of ph null cells are modi®ed without loss of cell viability
The spherical structures formed by ph o cells are typical for a phenomenon of sorting-out where a population of dividing cells minimizes its contact surface with another population of heterotypic cells (Garcia-Bellido and Lewis, 1976; Lawrence, 1997) . Sorting-out of ph null cells explains the vesicles trapped between the cell layers of the adult wings and suggests that clonal cells have different cellular identities that likely result in different cell af®nities (Blair and Ralston, 1997; Lawrence, 1997) . Interestingly, the fact that the largest ph clones in discs contain up to 100 cells clearly indicates that the basic`household' capacities of these cells to live and divide are not affected.
Cells that express ectopic engrailed or ci tend to minimize their contact surface with wild-type cells and to sortout (Zecca et al., 1995; Dominguez et al., 1996; Lawrence, 1997) . Our data showing that en, ptc, ci and hh are all misexpressed in ph null cells explain, partly, why these are perceived as different from the adjacent wild-type cells and eliminated. Clones of hypomorphic Pc 3 cells can sort-out, but were not reported to cause pattern disruptions (Busturia and Morata, 1988) , possibly because they retain some Pc 1 function. 
Patterning genes affected by PcG mutations in developing wing discs
engrailed is a known PcG target, since maintenance of late embryonic en expression requires the PcG (Moazed and O'Farrell, 1992) . Hypomorphic mutant Polycomb cells in the anterior wing disc ectopically express en and differentiate as posterior tissue (Tiong and Russell, 1986; Busturia and Morata, 1988) . In embryos, en ®rst activates ph that in turn represses en later on (Serrano et al., 1995) . Our data and those of Maschat et al. (1998) demonstrate that a similar situation exists between these two genes in the wing disc, where ph appears to negatively regulate en in both compartments during larval development, whereas engrailed activates ph in anterior compartment cells abutting the A/P border during early L3.
Genetic interactions between PcG mutations and inv D suggest that inv, which speci®es posterior wing disc identity, is also under PcG control. Regulation of inv by the PcG could be direct. Indeed, Pc and Ph proteins bind to fragments located between 0 and 2 kb upstream from the inv transcription start site , that are present on the inv D chromosome and may mediate the effects of PcG dosage on invected D
. Surprisingly, Strutt and Paro found no signi®cant binding of Psc protein to upstream inv sequences in Schneider cells, whereas we observed a weak but consistent enhancement of the inv D phenotype by a Psc mutation. One possible explanation for this discrepancy could be that conditions for silencing in larvae and in cultured cells are not entirely identical.
Our data show that hh expression depends on ph and the PcG since we observed partial rescue of hh Mrt by P[phd
1
] as well as enhancement of hh Mrt /1 phenotypes by several PcG mutations and activation of hh in anterior ph clones. Furthermore, the polytene chromosome region of hh (94E) binds the multimeric PcG complex (Paro and Zink, 1992) , which also designate hh as a potential PcG target. Still, the effect of ph on hh could be due to En, since en is also Guillen et al., 1995; Tabata et al., 1995; Zecca et al., 1995) . We show here that ectopic hh expression in hh Mrt individuals is increased by a loss of ph without modi®cation of en expression. Furthermore, ph is known to maintains hh repression in the anterior cells abutting the A/P boundary that express engrailed during L3 (Maschat et al., 1998) . Although we cannot exclude that loss of ph induces gain of an (unidenti®ed) hh regulator that in turn activates hh, our results collectively show that ph participates in negative regulation of hh independently of en.
Enhancement of ci W phenotypes by certain PcG mutations and the ectopic expression of ci-lacZ in posterior ph null clones designate ci as a potential target of direct ph regulation. Ci levels are also increased in the anterior wing compartment of ph 409 /Y;hh Mrt /1 individuals, compared to hh Mrt /1 ones (data not shown). This could suggest that Ci expression is increased when the ph level decreases, but might also simply re¯ect an increase in Hh level since Hh stabilizes Ci. In the posterior compartment ph clones, we ®nd that ci is negatively regulated by polyhomeotic in a cell autonomous manner, suggesting again a role of ph in maintaining ci repression. ci activation in ph8 cells, despite the presence of high levels of En, suggests that en and ph both intervene on ci regulation during development: Engrailed could set up the initial repression of ci , whereas polyhomeotic could maintain this repression later on. This negative regulation of ci would be typical for the PcG which maintains expression patterns of genes that have been initiated by the transitory expression of other genes earlier on. In the anterior compartment, the lack of ci expression in some ph null clones could be due to the presence of a high level of de novo Engrailed expression in these cells.
PcG genes regulate imaginal limb speci®cation
Previous work where either ph null clones or their twin clones were marked with yellow and forked showed that the clone-associated pattern disruptions are not formed by ph null cells but by neighboring wild-type cells (Santamaria et al., 1989) , suggesting a compartment speci®c and nonautonomous effect of ph on a limb morphology specifying gene. Initial steps of the engrailed-hedgehog pathway (en, hh and ptc activation) are cell autonomously triggered in anterior ph null clones, whereas the Dpp morphogen is non-autonomously activated around anterior compartment clones, identifying dpp as responsible for inducing the pattern disruptions on the limbs of irradiated ph o /1¯ies. Indeed, the distribution of hh pathway gene products in the cells around an anterior ph null clone is not unlike that at the A/P compartment border: secreted Hedgehog signal induces a short range activation of dpp in adjacent, non hh and ptc expressing cells by blocking the repressive action of ptc and thus allowing production of suf®cient Ci to activate dpp (Dominguez et al., 1996) . The more untypical situation corresponded to the anterior clones that continued to express ci and those that autonomously expressed dpp, which might both be explained by the relative levels of En and Hh in these cells.
Large posterior compartment ph null clones form cell populations that apparently express engrailed very strongly. These clones also express ci, which explains that clonal ph o cells express ptc (Dominguez et al., 1996; Hepker et al., 1997) . Nevertheless, this does not cause posterior wing defects, since dpp is never expressed in association with these posterior clones. Indeed, dpp is strongly repressed by En (Sanicola et al., 1995) and cannot be activated by a low level of Ci (Hepker et al., 1997) . Maschat et al. (1998) showed that decreasing the levels of both en and ph in imaginal wing discs leads to abnormal posterior patterning and causes interruptions in the fourth vein. This phenotype mimics that of ectopic ci-expression in the posterior compartment and was indeed shown to be associated with ectopic expression of ®rst ptc, then ci and ®nally dpp in posterior cells. The situation in and around posterior compartment ph null cells, wherein we detected ci-expression, is different since these cells all express En very strongly. Hence the clones can neither express dpp themselves, nor non-autonomously induce dpp in the neighboring cells, that also express engrailed.
Regulation of en by ph in both disc compartments
Negative regulation of engrailed in the anterior compartment is complex. Indeed, engrailed does not depend on transcriptional repression by the PcG alone; the groucho gene product, for one, also participates in silencing of en in anterior cells (de Celis and Ruiz-Gomez, 1995) . Our data indicate that posterior ph null cells that have lost all Ph product express engrailed more strongly than their wildtype neighbors, suggesting that posterior compartment regulation of engrailed also involves more than a simple on/off mechanism. ph could intervene on this regulation either through direct regulation of en or loss of ph could deregulate other genes that in turn control the expression level of en. Alternatively, ph could, together with other PcG products, maintain a rate of en transcription in posterior cells, possibly by regulating chromatin structure or accessibility. The repressive mechanism controlling en expression in the posterior compartment might, like in mammalian cell systems, change the probability that a given promoter is transcribed (Kingston et al., 1996; Walters et al., 1996) . The fact that Ph and Psc can bind transcribed loci in cell cultures suggested that control of gene activity by PcG products could extend to the regulation of active genes. Our data from ph null clones provide further evidence that such a regulation does indeed take place during Drosophila development, and suggest that it plays a crucial role in the regulation of selector genes whose wildtype function requires, like engrailed, a strict control of their expression level.
Materials and methods
Fly stocks and culture
Flies were grown on standard culture medium at 258C, except when stated otherwise. The X-linked polyhomeotic locus contains two transcription units, ph proximal and ph distal (php and phd), coding functionally redundant products (Dura et al., 1987 (Felsenfeld and Kennison, 1995) that induces expression of hh in the anterior disc compartments. inv D is a gain of function invected mutation inducing ectopic expression of inv in the anterior wing disc compartment (Simmonds and Bell, 1998 . lacZ reporter genes or enhancer traps for engrailed, hedgehog, patched, cubitus interruptus and decapentaplegic were from T. Kornberg. ph null clones were labeled with either a Bloomington strain that carries a Myc epitope at 10A, or strain ph lac12 carrying a P[lacW] in php (Fauvarque et al., 1995) . Balancer chromosomes, mutant phenotypes and other variants have all been described (Lindsley and Zimm, 1992) .
Antibodies
Anti-Engrailed antibody was either polyclonal provided by F. Payre and A. Vincent (used 1:200), or monoclonal 4D9D4 (used 1:10) (Maschat et al., 1998) . Monoclonal anti-b-Galactosidase antibody was from Boehringer (used 1:400) or Promega (used 1:2500). Polyclonal anti-b-Galactosidase antibody was from Cappel (used 1:2500). Rabbit polyclonal anti-Myc antibody was from Euromedex (used 1:100). Ci antibodies, polyclonal from T. Kornberg or monoclonal from B. Holmgren, recognizes the full-sized Ci protein (Aza-Blanc et al., 1997) . Ptc monoclonal antibody was from I. Guerrero . Monoclonal antibodies were secondary detected by Cy3 antimouse. Polyclonal antibodies were detected by Fitc conjugated anti-rabbit. Larvae were irradiated at 45 kV, 25 mA, 3 min 10 s, for a total dose of 1000 rad. For X-Gal or immunohistochemical staining of imaginal discs, larvae were grown at 188C after irradiation.
Genetics
X-Gal staining and in situ hybridization
Imaginal tissues were stained with X-Gal as described (Glaser et al., 1986) . Ectopic gene expression in ph clones was determined in discs from irradiated progeny of ph 505 / FM7 females crossed to males carrying an autosomal enlacZ, hh-lacZ, ci-lacZ, ptc-lacZ or dpp-lacZ reporter gene or enhancer trap. For double label, discs were ®rst stained with X-Gal and secondly hybridized as described (Masucci et al., 1990) /1 larvae that were heterozygous for en-lacZ, hh-lacZ, ptc-lacZ, ci-lacZ or dpp-lacZ were immunostained with different antibodies as indicated, in conditions described by Maschat et al. (1998) . Antibodies were secondary detected by anti-rabbit¯uorescein conjugated (green) and anti-mouse rhodamin conjugated or Cy3 conjugated (red) antibodies. Discs were mounted in Citiuor and analyzed by video microscopy or confocal microscopy. useful suggestions. This work was supported by grants from l'Association de la Recherche contre le Cancer to F.M. (ARC 1370) and to P.S. (ARC 1702).
